We built a differential optical absorption spectroscopy system to measure near-surface CO 2 absorption in the atmosphere using a nanosecond white light continuum. The white light laser can cover wavelengths ranging from 420 to 2400 nm, where the CO 2 and H 2 O absorption lines are located. At an optical path length of 568 m, it was possible to evaluate atmospheric CO 2 concentration from absorption bands of CO 2 and H 2 O in the vicinity of 2000 nm detected by broadband white light simultaneously.
Differential optical absorption spectroscopy (DOAS) is an atmospheric diagnostic tool for pollutant species and atmospheric trace gases [1] . DOAS systems provide column abundances of atmospheric trace species by long-path differential absorption measurements. When a radiation source having a broad spectral range is employed, the DOAS measurement can lead to the simultaneous monitoring of several gas constituents [2] [3] [4] . Among such radiation sources, white light continuum (supercontinuum) realizes the advantages of both simultaneous detection of several gas species using a broad spectrum source with narrow beam divergence and measuring weak signals with possibly overlapping features on long paths using high detection efficiency [4] . Conventionally, however, a large and expensive chirped pulse amplified Ti:sapphire laser has been required to generate intense radiation with a sufficiently broad spectrum [5, 6] . Such a white light continuum can potentially be used as a DOAS light source for determining the concentrations of carbon dioxide (CO 2 ), as demonstrated in our previous laboratory experiment [5] . However, one of the key limitations in the white light laser system has been the lack of compactness. Recently, it has been demonstrated that photonic crystal fiber (PCF) with high nonlinearity can generate a broadband continuum when excited with a nanosecond laser [7] . Thus, such a PCF-based light source provides a compact module with stable, turnkey operation, as described in a recent application to coherent anti-Stokes Raman microspectroscopy [8] .
In this Letter, we report our DOAS measurements of CO 2 based on a compact, commercially available supercontinuum generated from PCF pumped by a nanosecond laser. The spectral features of the observed transmittance are in good agreement with the simulation results. To the best of our knowledge, this work is the first case in which atmospheric CO 2 absorption measurement is carried out by means of broadband white light continuum. Figure 1 (a) shows a schematic diagram of the direct absorption spectroscopy using the nanosecond white light continuum (LEUKOS-SM20-OEM). A Q-switched Nd:YAG microchip laser is used for pumping a PCF, leading to the generation of nanosecond white light continuum by virtue of a number of nonlinear processes during the laser light propagation through the PCF [9] . This supercontinuum light source produces 4 ns output pulses at a repetition rate of 20 kHz with over 45 mW power. In Fig. 1(a) , the output light is collimated by a lens and directed to a 9 m long absorption cell with an inside diameter of 40 mm. The cell is placed in the laboratory, with each end of the cell being sealed with a BK7 window. The gas cell was evacuated and then filled with pure CO 2 gas with pressure of 100 or 150 hPa. We measured the IR spectrum using an InGaAs-array spectrometer with a nominal spectral resolution of 8 nm (Hamamatsu C9914GB). An antireflectioncoated Si window was placed in front of the array spectrometer to cut the wavelengths shorter than around 1100 nm. Figure 1(b) shows the setup employed for atmospheric measurement of CO 2 absorption as discussed below. Figure 2 shows an example of CO 2 transmittance spectra obtained in the laboratory measurement using the 9 m cell with an integration time of 10 s. The resolution of these transmission spectra is determined mainly by the instrumental spectral resolution of 8 nm. The transmission T can be written as the Lambert-Beer law: 
where I λ is the light intensity at wavelength λ, observed at distance L. Variables N and σ are the number density and absorption cross section of the CO 2 molecules, respectively, and I λ;0 represents the reference intensity corresponding to the condition of N 0. In Fig. 2 , the observed spectra are compared with the curves simulated with the HITRAN database [10] . The resolution of the simulated curves has been adjusted to match the experimental resolution by convoluting the transmission spectra with Gaussian curves having a FWHM of 8 nm. As seen from Fig. 2 , experimental data around 2000 nm are well reproduced for both pressure values of 100 and 150 hPa. The DOAS measurement was carried out with a propagation path length of about 568 m, as shown in Fig. 1(b) . This measurement was conducted at Osaka University, Suita, ∼0.3 km east of the region's major north-south expressway. The nanosecond white light continuum was transmitted horizontally and reflected by several mirrors to achieve the long path length. The light paths were located at a height of 1 m above the ground. The beam divergence was determined to be 0.31 mrad by measuring the beam sizes at various distances. The high average power of the supercontinuum source made it possible to improve signal to noise ratio by about one order of magnitude compared with the previous experiment using a femtosecond supercontinuum source [5] . Figure 3(a) shows the white light DOAS spectrum observed over the 568 m path length and the transmittance spectra of water vapor and CO 2 calculated with the HITRAN database under the condition of 52% relative humidity and 398 ppm CO 2 concentration. It can be seen from the transmittance spectrum in Fig. 3(a) that the strong absorption profiles retrieved at 1350-1450 nm and 1750-2000 nm are mainly ascribed to water vapor. As seen in Fig. 3(a) , a strong water vapor absorption band overlaps the CO 2 absorption band at around 1950 nm. At around 2000 nm, on the other hand, relatively large CO 2 absorption is observed, but it is still affected by the tail of the water vapor band. Thus, correction of the water vapor effect is indispensable for CO 2 concentration measurement using this absorption band at around 2000 nm. The CO 2 absorption band at 2050 nm proved to be mostly unaffected by water vapor, but the obtained spectrum intensity was relatively small compared with the 2000 nm band.
Figure 3(b) shows the atmospheric transmittance over the 568 m path length. In this DOAS analysis, the reference intensity I λ;0 was the spectrum observed with the same optical arrangement as the long-path measurement, but with a much shorter optical path length so that virtually no influence of CO 2 or water vapor absorption is observed. The standard deviation of this DOAS measurement, evaluated using five consecutive profiles, was larger for the 2050 nm band than for the 2000 nm band. To make quantitative analysis of the white light DOAS spectrum, we calculated atmospheric transmittance with the MODTRAN radiative transfer code [11] under the experimental conditions of 11.8°C temperature and 52% relative humidity. Furthermore, the atmospheric attenuation was assumed to be due to urban aerosols with a visibility of 10 km. The average CO 2 concentration was assumed to be 398 ppm at the DOAS measurement site as shown in our previous paper [5] . As shown by dotted curves in Fig. 3(b) , the simulation results reasonably agree with the experimentally observed curves. The overlapping of the H 2 O absorption band has been corrected to derive the CO 2 absorption at 2000 nm using the H 2 O absorption information observed at around 1990 nm. This is an obvious advantage of the broadband white light source in that the CO 2 concentration can be retrieved by properly subtracting the H 2 O interference using the broadband absorption spectrum.
In conclusion, the nanosecond supercontinuum provided with a PCF-based laser has been successfully utilized to achieve an atmospheric CO 2 absorption measurement in the framework of white light DOAS. It has been found that the observed transmittance agrees well with MODTRAN simulations. The application of the white light continuum as a DOAS light source with a spectral extension from UV to IR will enable the simultaneous monitoring of various atmospheric trace species. Furthermore, the white light continuum is a pulsed laser source, and its use will expand applicability of the lidar technique [6, [12] [13] [14] . In relation to a differential absorption lidar, in particular, it can be employed for mapping various atmospheric trace species in a threedimensional way.
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